Introduction
I n vitro engineering of connective tissues for surgical implantation is an active field of research. In particular, the manufacture of suitable artificial tissues for replacement of the anterior cruciate ligament (ACL) is receiving much interest, as each year an estimated 80,000 to 100,000 ACL ruptures occur in the United States alone. 1 The majority of these injuries occur in young, active individuals, 2 and failure to repair the injured tissue will result in joint instability, 3 pain, 1 injury to other structures within the knee joint, 3 muscle weakness, 4 and the subsequent development of osteoarthritis. 5, 6 While attempts have been made to repair the ACL with synthetic graft replacements (e.g., Gore-tex, Dacron, and carbon fibers), problems resulting from the mechanical breakdown of the grafts mean that transplantation of an autograft to the injured site remains the most successful method of ACL repair. However, because of problems such as pain, 7, 8 muscle weakness, 4 patellar tendonitis, 9 and donorsite morbidity 10 after autograft treatment, tissue-engineered constructs are now being investigated for implantation.
We have recently shown that complete bone-ligamentbone constructs for potential implantation and repair of the ACL can be formed in vitro using brushite anchors and a cell-seeded fibrin gel. 11 However, little attention has been given to the three-dimensional (3D) morphology of the soft-tissue portion of the graft during construct formation and the effects of anabolic supplementation on morphology. Such information is desirable to predict the long-term size and shape of construct grafts for implantation. While conventional imaging techniques, such as histology, usually allow only visualization of the tissue using destructive methods, we have used the nondestructive optical coherence tomography (OCT) imaging technology alongside conventional digital imaging to visualize the morphology of constructs during their formation and maturation phases.
OCT is an emerging imaging technology for the biological and medical sciences. It enables imaging of 1-2-mm inside opaque tissue without any special preparation, making it an ideal nondestructive adjunct to histology. Also, the use of low-power infrared light means that OCT is also noncontact, noninvasive, and capable of providing high-resolution images at a video rate. OCT works by focusing a beam of light inside a sample, and the depth positions of multiple subsurface structures are then determined by performing frequency-domain time-of-flight measurements on the backscattered light, resulting in a tomographic depth-reflectivity profile (A-scan). One-and two-dimensional (2D) scanning of the focused beam can then be used to make 2D and 3D images of the sample. Recently, OCT has been used within many different fields of research from cancer biology 12, 13 and development [14] [15] [16] to clinically within cardiology 17 and ophthalmology [18] [19] [20] owing to the nondestructive nature of the technique and the ability to visualize inside tissues and organisms. Furthermore, it has also received great attention within the tissue engineering field, having been described as a technique with great promise for visualizing engineered tissues. 21 Many groups have utilized this imaging technique to study scaffold morphologies, [21] [22] [23] [24] [25] [26] collagen gel remodeling, 27 and collagen fiber alignment. 28 The aim of this study was to investigate the morphological changes occurring during the early-stage formation and maturation of tissue-engineered bone-to-bone ligament-like constructs manufactured from fibroblast-seeded fibrin gels. Digital imaging, OCT, and histological techniques were used to evaluate construct development over time.
Materials and Methods

b-Tricalcium phosphate manufacture
The b-tricalcium phosphate (b-TCP; Ca 3 (PO 4 ) 2 ) was manufactured by reactive sintering of a powder containing CaHPO 4 (Mallinckdrodt-Baker) and CaCO 3 (Merck), with a theoretical calcium to phosphate molar ratio of 1.5. The powder mixture was suspended in absolute ethanol and mixed for 12 h. After this, the suspension was filtered and the resulting cake heated in an alumina crucible to 1400°C for 12 h and 1000°C for 6 h before quenching in a dessicator in ambient conditions. The resulting sinter cake was then crushed using a pestle and a mortar, and was passed through a 125-mm sieve.
Brushite cement formation
The brushite cement was made by incrementally combining b-TCP (Ca 3 (PO 4 ) 2 ) with 3.5 M orthophosphoric acid (H 3 PO 4 ; Sigma-Aldrich) at a ratio of 3.5 mg/mL to form a paste. Citric acid (200 mM; Sigma-Aldrich) and sodium pyrophosphate (200 mM; Sigma-Aldrich) were added to the H 3 PO 4 before combination with b-TCP. The paste was consolidated into a custom-made silicone mold, 29 and moldfilling was improved with the use of a vibrating platform (Denstar 500; National Dental Supplies) for 60 s. Stainless steel insect pins (0.2-mm diameter; Fine Science Tools) were inserted into each anchor before setting occurred, and cement anchors were left to set within their molds overnight at 37°C. Final cement anchors were trapezoidal in shape, measuring *4 · 4 mm at the widest points and 3 mm in height as described previously. 11, 29 
Ligament-like construct formation
Thirty-five-millimeter Petri dishes were coated with 1.5 mL of Sylgard (type 184 silicone elastomer; Dow Corning Corporation) and left to polymerize for at least a week before use. Cement anchors were removed from their molds and pinned to the sylgard layer *12 mm apart, and the anchors and plate were sterilized by soaking in 70% ethanol for 20 min. The Sylgard layer was used to allow immobilization of the cement anchors and to provide a non-cell-adhesive surface underneath the fibrin gel. Five hundred microliters of the Dulbecco's modified Eagle's medium (DMEM; Invitro-gen) supplemented with 10% fetal bovine serum (FBS; Biosera), 1% penicillin/streptomycin (P/S; Invitrogen), 50 U/ mL thrombin (Calbiochem), 400 mM aminohexanoic acid (Sigma-Aldrich, UK), and 20 mg/mL aprotinin (Roche) solution was used to coat the Sylgard layer. Two hundred microliters of 20 mg/mL fibrinogen (Sigma-Aldrich) was then added dropwise, and the fibrin gel was left to polymerize at 37°C for 1 h. Embryonic chick tendon fibroblasts were isolated from the flexor tendons of 13.5-day-old chick embryos by a 1.5-h digestion in the collagenase type-II solution (in serum-and antibiotic-free DMEM) at 37°C. After digestion, the solution was passed through a 100-mm cell strainer (BD Biosciences) to remove any insoluble material. The cell solution was spun at 2500 rpm for 3 min. The resulting cell pellet was suspended in the DMEM supplemented with 10% FBS and 1% P/S (Invitrogen). Chick tendon fibroblasts were cultured and split routinely, and used between passages 2 and 5. Cells were seeded on top of the polymerized fibrin gel at a concentration of 100,000 cells in 1 mL. The growth medium (DMEM + 10% FBS + 1% P/S) was replenished on day 3 after seeding, and then every 2-3 days for the duration of the experiments. On day 7 of formation, half the ligament-like constructs received supplementation with 250 mM ascorbic acid 2-phosphate (AA; Sigma-Aldrich) and 50 mM L-proline (P; Sigma-Aldrich) added to the growth medium. Day 7 was chosen, as it was in line with previous work. 11, 29 This supplementation regime was continued on every day of medium replenishment in the AA + P-treated samples. Over time, the fibrin gel contracts around the two brushite cement anchors to form a cement-cellularized fibrin gel-cement (boneligament-bone) construct.
Optical coherence tomography
Ligament-like constructs were scanned using a highresolution EX1301 MultiBeam OCT microscope daily from day 0 to day 7, followed by day 10, day 14, and then every 7 days until day 35 (n = 16 in each treatment group). The day-0 scans were taken after the addition of cells in the growth medium. The microscope was equipped with a Santec HSL-2010 swept-source laser with a spectral range of 150 nm spectrum centered at 1310 nm. The measured resolution was < 9 mm axially (depth) and < 7.5 mm laterally. The frequency of A-scans was at a rate of 10,000/s. Optical B-Scans comprising 1188 A-Scans and spanning *5 mm laterally and 1.9 mm in depth (1188 · 460 pixels) were captured showing cross sections of the ligaments in the longitudinal orientations. For transverse orientations, B-scans comprised 242-1118 A-scans depending on the diameter of the construct at the time of scanning. Multiple parallel B-Scan image sets with fixed spatial periodicity were also acquired by moving the sample orthogonally to the B-Scan direction on an automated translation stage in 4-mm steps. Using this technique, 3D volumes of ligament-like constructs can be digitally reconstructed with dimensions up to 5 · 25 · 1.9 mm for fly-through examination. Constructs were scanned in their Petri dishes, in the growth medium, with the Petri dish lid removed. Consequently, each sample could only be used for one time point per scan. Images of the constructs were also taken using a digital camera (Optio V10; Pentax Corporation) at the same time points as the scans. Constructs that have not been assigned for time-point scans were kept in the same culture conditions until the 2.5-month time point, where 3D scans were taken (n = 1 each condition).
Gel contraction analysis
To investigate and quantify the effect of supplementation with AA + P on gel contraction, constructs were formed and supplemented with or without AA + P from day 0 of culture (n = 7 in each group). The decision to supplement from day 0 was to investigate the effect of AA + P on gel contraction from the beginning of formation, rather than from day 7 as described earlier. Digital images were taken of each construct every day until day 15, and then every other day thereafter. Gel surface areas were quantified using image analysis software (ImageJ; NIH) to calculate percentage reduction in gel area over time. Further to this, the maximum and minimum widths of the ligament-like constructs transverse to the longitudinal length were also measured (n = 7 in each group; ImageJ; NIH.). All measurements were taken in between the anchors to ensure consistency.
Histology
The ligament-like constructs were removed from their culture media at the 5-week and 10-week time points (n = 2) and fixed in 4% formaldehyde buffer in phosphate-buffered saline at 4°C for 24 h. Samples were then dehydrated in a series of ethanol solutions from 35% to 100% followed by 100% xylene. The specimen was then transferred to a 60°C paraffin wax bath (HISTO WAX 514409) overnight, and then placed under vacuum (Citadel 1000; Thermo Shandon) for 4 h to allow wax infiltration. The sample was later embedded in paraffin wax, and a LEICA RM 2035 microtome was used to cut 5-7-mm sections. The sections were picked up on glass coverslips (four per slide and two slides per construct) that were left in a 60°C oven for 30 min before they were stained using hematoxylin and eosin (H&E; SHANDON Linistain GLX) per the manufacturer's instructions. Stained sections were viewed on a light microscope (Inverso 3000, Ceti; Progen Scientific) and images taken using Image Capture (Ceti; Progen Scientific).
Collagen content
The collagen content of ligament-like constructs was measured over time using a hydroxyproline assay, as hy-droxyproline accounts for *13% of total collagen and is released after tissue hydrolysis. 30, 31 Briefly, ligament constructs (n = 4 each time point and group) were removed from their cement anchors and left to dehydrate at 37°C for at least 72 h. The dry mass of each sample was then measured, and the dry sample was hydrolyzed in 200 mL of 6 M HCl at 130°C for 3 h. The liquid was removed by allowing the HCl to evaporate for 30 min in a fume hood at 130°C. The resulting pellet was re-suspended in 200 mL of hydroxyproline buffer. Samples were further diluted 1:8 in hydroxyproline buffer. About 150 mL of chloramine T solution was added to each sample, vortexed, and left at room temperature for 20 min. About 150 mL of aldehyde-perchloric acid solution was then added to each tube before the tubes were vortexed and incubated in a preheated water bath at 60°C for 15 min. After incubation, tubes were left to cool for 10 min, and then samples/standards were read at 550 nm on a Glomax Multi Detection System Plate reader (Promega). Hydroxyproline was converted to collagen using a factor of 13.34%.
Statistical analysis
Where appropriate, data are presented as meansstandard error of the mean. Differences in mean values were compared within groups, and significant differences were determined by analysis of variance with the post hoc Tukey-Kramer Honestly Significant Difference test using BrightStat. 32 The significance level was set at p < 0.05. The gel contraction data were analyzed using independent one-tailed tests (IBM SPSS Statistics 19) on a day-by-day basis. To determine the effect size of the data, Pearson's correlation r was used such that r values < 0.1 represented a small effect; 0.3, a medium effect; and 0.5 or greater, a large effect. The Cohen's d method was also used, with categories being 0.2 is small, 0.5 is medium, and 0.8 is large. Pearson's r and Cohen's d effect sizes are referred to as ES r and ES d, respectively. Post hoc power analyses were also conducted (DSS Research Statistical Power Calculator).
Results
Early-stage formation of ligament-like constructs
Over the course of 7 days, the cell-seeded fibrin gel contracted around the two fixed brushite anchor points ( Fig. 1) .
FIG. 1.
Early-stage formation of the ligament-like constructs. Digital images of the constructs were taken each day from day 0 (D0) to day 7 (D7) after cell seeding. The outer edges of the fibrin gel have been marked for clarity (white-dashed line). Over the course of the 7 days, the fibrin gel contracts unevenly around the two fixed anchor points. Constructs are formed in 35-mm Petri dishes.
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The fibrin gel began to contract rapidly and unevenly within 5 days after cell seeding, continuing rapid contraction until day 5, when the contraction rate noticeably reduced (Fig. 1) . The OCT scans demonstrate the method of gel contraction in the ligament constructs. Folds of the fibrin gel can be seen in the transverse scans from day 1 onward (Fig. 2, arrows) , becoming clearly evident at day 3 (Fig. 2) . The uneven nature of gel contraction demonstrated in Figure 1 can also be ob-served in Figure 2 . By day 7, both sides of the fibrin gel have contracted around the anchor points evenly, and the folds have coalesced into a single solid mass (Figs. 1 and 2).
Maturation of ligament-like constructs
Contraction of the ligament constructs continues over several weeks of maturation ( Fig. 3 ). Supplementation of the culture medium with AA + P has a marked effect on contraction of the constructs, with supplemented constructs continuing to contract beyond the boundaries of the cement anchors as seen in the unsupplemented group ( Fig. 3) . Notably, in both the unsupplemented and supplemented groups, the constructs became white and appeared to increase in opacity over time, which is indicative of increased matrix deposition in the samples (Fig. 3 ). To confirm this, the hydroxyproline content constructs were measured at each time point ( Fig. 4 ). As anticipated, the supplemented group continued to produce collagen, with the collagen content rising significantly from 4.16% -1.42% at 1 week to 15.45% -0.49% per construct after 5 weeks of culture ( p > 0.00). In the unsupplemented samples, however, the collagen content stayed relatively constant, with no significant difference observed between week 1 and week 5 of culture at any time point measured ( p > 0.05 at all time points). Furthermore, the dry weights of the constructs do not significantly differ at any time point measured (Fig. 4B) . Figure 5A displays the longitudinal scans of the constructs using OCT in the maturation phase of development. Over the course of 5 weeks, the constructs became thinner and more opaque, markedly so in the AA + P-treated samples (Fig. 5A) . The transverse scans of the constructs clearly demonstrated gross morphological changes occurring during construct maturation (Fig. 5B) . In both the AA + P-treated samples and the unsupplemented group, the constructs display a rolled-up appearance after 1 week of formation. Gradually, the two sides of the construct contracted and joined to form a tubular structure by week 2 (Fig. 5B) . Notably, this occurred faster in the AA + P-treated group (Fig.  5B ). Cross-sectional areas of the transverse OCT scans were measured and plotted against time (Fig. 5C ). At all time points after 14 days, unsupplemented samples possess a larger cross-sectional area than supplemented constructs (Fig. 5C ), reaching significance on day 14 ( p = 0.001), day 28 ( p = 0.01), and day 35 ( p = 0.0001). Over the course of the following weeks, constructs in both groups contracted further, became more opaque, and displayed a more uniform tissue distribution. Continued culture of the ligament-like constructs for several months in culture maintains this gross morphology as shown in the 3D reconstructions of constructs with dense constructs with distinct morphologies produced ( Fig. 6 ). As shown previously in the digital images ( Fig. 3) , constructs in the AA + P-treated group underwent significant contraction, becoming < 2 mm in width by 4 weeks of culture. To investigate the effect of supplementation of AA + P on the contraction of cell-seeded fibrin gels, constructs were photographed every day after cell seeding for 2 weeks and then every other day for the duration of the experiment. Gel areas were then calculated using digital imaging software (ImageJ; NIH). The percentage reduction in the gel area is displayed in Figure 7 . Overall, it appears that supplementation has no prominent effect on gel contraction. However, to allow for better comparison of the gel contraction, percentage area reductions were plotted for specific time periods of the experiment-the early-stage contraction period (0-7 days, Fig. 7B ), maturation of the ligament-like constructs (7-35 days, Fig. 7C ), and late-stage maturation (35-52 days, Fig. 7D ). Figure 7B demonstrates that at the initial stage of gel contraction, unsupplemented constructs contract faster than supplemented, reaching a similar gel area by 7 days. Unsupplemented constructs contract to 40.83% -4.12% of their original area in the first 24 h after seeding ( Fig. 7B ) compared to AA + P-supplemented reduction to 45.52% -4.95%. Conversely, as contraction continues after day 7, AA + P-supplemented constructs display a faster rate of contraction with the difference between groups stabilizing at around day 14 (Fig. 7C) . The most noticeable difference between groups is observed in the late-stage formation of ligament-like constructs, where from day 33 to day 36, AA + P-supplemented constructs contract more and then exhibit a smaller area at the remaining time points, with values of 2.72% -0.11% and 3.41% -0.47%, respectively (Fig.  7D ). Statistical analysis revealed that while this difference was not significant ( p > 0.05), it represented a large effect size (an indication of the strength of the relationship between the groups). 33, 34 To further quantify the differences observed between the constructs, the maximum and minimum transversal widths were measured. As with the construct gel area measurements, the largest change in widths was observed between day 0 and day 1 (Fig. 8 ). The no treatment (NT) group exhibited a greater extent of contraction in comparison to the AA + P group. The maximum width of the NT constructs reduced from 35 to 13.98 -4.45 mm, and the maximum width of the AA + P supplemented maximum width reduced to 22.23 -5.49 mm ( p = 0.0045, ES r = 0.67, ES d = 1.78). The minimum widths for NT and AA + P were 10.41 -4.46 mm and 17.36 -7.41 mm, respectively ( p = 0.0275, ES r = 0.52, ES d = 1.22). From day 33 to day 52, the average maximum and minimum widths of the NT group were almost double than those of the AA + P group, with the NT group widths being *1.6 times larger than the AA + P-treated widths ( Fig. 8 and Table 1 ). For example, on day 52, the maximum widths were 2.41 -0.48 mm for NT and 1.48 -0.15 mm for AA + P, ( p = 0.012, ES r = 0.82, ES d = 1.63), while the minimum widths for NT and AA + P were 1.47 -0.51 mm and 0.91 -0.1 mm, respectively (Fig. 8 ). All the maximum widths were found to be significant between days 33 and 52 ( p < 0.05); however, the minimum widths were not. The effect-size statistics, 
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which is an indication of the strength of the relationship between the groups, was calculated using Cohen's d and Pearson's Correlation Coefficient r. Both methods resulted in large effect-size statistical values on day 1 and in the period between days 33 and 52, meaning that although the minimum widths failed to give significant results, there was strong separation between means due to the AA + P treatment ( Fig. 8C, D) .
The transversal maximum-to-minimum width ratios within each group were also determined to observe if there were any extremes in the construct dimensions ( Table 2) . Although the magnitude of contraction differed between the groups, the maximum-to-minimum width ratios of the constructs were almost identical by day 52, at 1.64 and 1.62 for NT and AA + P-supplemented, respectively ( Table 2 ). Using the average widths, the aspect ratio of the constructs was calculated ( Table 3 ). The final aspect ratio of the constructs treated with AA + P was larger, at *10, than for those unsupplemented with an aspect ratio of about 6 ( Table 3) , again indicating that AA + P changes the final dimensions of the ligament-like constructs.
Histological sections of supplemented ligament-like constructs were taken after 5 and 10 weeks of culture ( Fig. 9 ). H&E staining of the sections shows that in cross section, the folds of the fibrin gel can be seen in the center of the con-struct ( Fig. 9A, small arrows) and where the fibrin gel attaches to the cement anchor ( Fig. 9B ). Furthermore, a cell layer can be seen on the outside of the tubular structure ( Fig.  9A , large arrows) with limited cells visible in the inside of the structure. However, in longitudinal sections at 10 weeks in culture, cells are present throughout the ligament-like construct, and the tissue displayed a fiber-like appearance (Fig.  9C, D) . Figure 9C and D also revealed a thick layer on the outer edges of the scaffold, in line with the cortex layer that can be observed in the 3D reconstructions in the AA + Ptreated group (Fig. 6 ).
Discussion
In this study, we have examined the morphological changes occurring during early-stage formation and maturation of tissue-engineered bone-to-bone ligament-like constructs. We have used conventional digital imaging alongside OCT imaging with anticipation that by combining these techniques, we could gain an understanding of construct formation and matrix deposition by nondestructive means, improving our understanding of how these tissues form and develop in vitro. Furthermore, we have combined the OCT scans with the digital image analysis of the constructs to study the effect of AA + P supplementation on 
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fibrin gel contraction and tissue-engineered ligament construct formation. Although the standard histological analysis of tissueengineered constructs has advantages, such as the ability to determine matrix components and determine cell distribution within tissues, it also has several drawbacks. First, a histological analysis can require the fixation and freezing of tissue constructs. Both these procedures can damage the specimen and therefore may not provide a true representation of tissue morphology. Second, owing to the limitations of light microscopy, constructs need to be sectioned into slices of several micron thicknesses, and therefore it remains difficult to obtain a 3D view of the specimen. This can be problematic if, as is the case here, the gross morphology during formation is of interest. In this study, OCT has allowed an in-depth view of the tissue morphology in both the transverse and the longitudinal orientations that is not possible using digital imaging alone. The use of OCT allowed visualization of the gross cross-sectional morphology of the ligament-like constructs during formation and has permitted a far better understanding of the mode of construct formation. However, it is also apparent that the use of OCT to determine matrix composition by images alone is not ideal and requires further analysis. Some researchers have demonstrated the use of polarizationsensitive OCT to visualize collagen fiber alignment within tendon, 35 cartilage, 36 and tissue-engineered structures. 28 By this method, the polarization of backscattered light is measured after it has passed though the sample, and this can be directly related to the alignment of the collagen fibers. Such an analysis should be performed on the ligament-like construct samples to confirm an increase in collagen deposition and alignment in the samples over an extended culture period. The transverse OCT scans clearly demonstrate the manner in which the fibrin gel contracts around the two anchor points and rolls into a tubular structure ( Figs. 2 and 5B) . Eventually, the two sides of the construct come into contact and fuse together to form a single longitudinal ligament-like structure by approximately week 2 of culture ( Fig. 5B ). Another research group has recently reported the formation of tendon-like constructs using a similar method, although they embedded the ACL cells into the fibrin gel before polymerization. 37 It would also be interesting to compare the methods of formation of those constructs using OCT, to establish their mode of formation. Furthermore, it seems likely that the two modes of formation could result in a distinct mechanical behavior between the two and may provide evidence to establish which method is conducive to forming engineered tissues with greater mechanical integrity.
The decision to supplement the ligament-like constructs with AA + P was made through our previous work that demonstrates that the addition of AA + P to the culture media of the constructs resulted in an increased deposition of collagen within the fibrin matrix after only 1 week of supplementation. 11 As expected, the supplementation of AA + P over the 5-week culture period resulted in a continuous increase in the collagen content of the constructs (Fig. 4A) . AA is an essential cofactor for prolyl-4-hydroxylase, and its presence is required for the hydroxylation of collagen chains during collagen fibril assembly. 38 In addition, as proline is a major constituent of the collagen protein, it is not surprising that increasing both AA and proline availability augments collagen production. Here, we have also demonstrated the effect that AA + P supplementation has on contraction of the ligament-like constructs, with supplemented groups displaying increased contraction in the digital images ( Fig. 3) , OCT scans (Fig. 5B) , and the evaluation of contraction by digital imaging (Figs. 7 and 8) . Although there were no statistically significant differences between the gel areas of the NT-and AA + P-supplemented constructs, the maximum widths of the constructs differed significantly between the groups between days 33 and 52 (Fig. 8B) . The ratios calculated from the results ( Table 1 ) do show that there is some inherent pattern in the formation of the constructs with regard to the maximum and minimum widths achieved. The ratios of the maximum-to-minimum width of the supplemented group appeared to stabilize from day 33 onward, at a value of about 1.6. The max/min ratio for the NT group is not as consistent, but reaches a similar value of 1.64 on day 52. A possible explanation for the stability seen in the max/ min ratio of the AA + P group, in the final stages of the study, could be that treatment with AA + P causes a more uniform and controlled type of contraction of the gel as a result of increased deposition of collagen matrix (Fig. 4A ).
However, it must also be noted that with the digital images and resulting contraction data, the area measured does not take the depth of the construct into account. As observed in the transverse OCT scans, AA + P-supplemented constructs display distinct cross-sectional areas (Fig. 5B ) with unsupplemented constructs remaining broad and flat and AA + P-supplemented constructs becoming thin and round. Cross-sectional area was less in supplemented constructs than in unsupplemented constructs from day 14 onward (Fig. 5C ) reaching values of 0.132 and 0.9 mm, 2 respectively at the 35-day time point (Fig. 5C ). Native ligaments are typically described as broad, flat tissues; in particular, the ACL has an average length and width range in humans from 22 to 41 mm and 7 to 12 mm, respectively. 39 Based on this information, although collagen content improves, the increased contraction observed on addition of AA + P is not ideal for our intended application, as it results in the production of thin, tubular structures, vastly different from the native ligament tissue morphology. The fact that supplemented constructs display greater contraction is not unexpected, since AA addition has been shown to increase wound contraction in mouse 40 and guinea pig models. [41] [42] [43] It is important to note that even though the AA + P constructs contract to a greater degree, the dry weight of the constructs does not significantly differ at any time point (Fig. 4B ). Furthermore, it is critical to mention that while the crosssectional area of the construct was measured, these measures were made at only one point in the graft. In hindsight, since the constructs are not completely uniform, it would have been beneficial to obtain several scans along the full length of the construct. Future work should focus on obtaining a complete scan along the length of the construct, since the morphological tapering evident in the digital images ( Fig. 3 ) and the 3D reconstructions ( Fig. 6 ) was not taken into account when the scans were collected. This inaccuracy in obtaining scans likely explains the variability of the crosssectional area data and the large increase in the crosssectional area at the 4-week time point in the unsupplemented group (Fig. 5C ).
The mechanism for increased contraction in the ligamentlike constructs on addition of AA + P could be multifaceted. As mentioned, exogenous addition of both AA + P lead to improved collagen accumulation; therefore, it is possible that by increasing the collagen content, collagen fibrils act to contract the fibrin matrix further as they crosslink with one another under control of the enzyme lysyl oxidase. However, contrary to this, a 1-mM dose of AA has been shown to have an inhibitory effect on lysyl oxidase activity in vitro, 44 although the authors performed no further experiments to establish the inhibitory ranges of AA concentrations. Furthermore, AA has been shown to have positive and negative effects on cellular proliferation depending on cell type. One reason for increased contraction could be an increase in cell number and therefore faster cell-mediated enzymatic digestion of the initial fibrin matrix. We have previously shown that 1 week of 50 mM AA + P supplementation increases the embryonic chick tendon fibroblasts cell number within the constructs. 11 Conversely, AA may act to transdifferentiate fibroblasts into a contractile myofibroblastic phenotype, with cells rich in a-smooth muscle actin as reported in smooth muscle cells 45, 46 and bone mesenchymal stem cells. 47 This has been previously been reported to occur in fibroblasts on addition of transforming growth factor-b, 48 a growth factor pivotal to the collagen fibrillogenesis pathway, so it is possible that a related effect is occurring within our system. In two dimensions, addition of 250 mM AA + 50 mM P to our fibroblast culture resulted in no significant change in the cell number (data not shown); however, since the attachment to the external environment in 2D is very different from that in 3D, 49 no conclusions can be drawn without further analysis within this tissue-engineered ligament system.
The histological analysis shows that cells populate the entire scaffold and align in the direction of tension ( Fig. 9) . Also, taken with the 3D scans of the ligament constructs, the formation of a dense, outer cortex can be seen ( Figs. 6 and 8 ).
Another research group has used immunohistochemical techniques to investigate the deposition of extracellular matrix (ECM) using ACL cells in this fibrin gel system. 37 Interestingly, they showed that a cortex of collagen type I was formed with mainly collagen type XII in the core of the construct. 37 Our hydroxyproline content assay does not distinguish between types of collagen, so we are currently undertaking work to give a full immunohistochemical analysis of the ECM deposited over the culture period. It may be that the mechanical environment predisposes the production of different types of collagen, and it is important to establish what these matrix proteins are within this system. Longitudinal section of an AA + P-treated construct after 10 weeks in culture. Cell nuclei (blue) are distributed throughout the fibrous scaffold (pink), although are seen to be more prominent on the outer layers, creating a thick, dense layer on either side of the construct. Cells appear to align in the direction of tension. Color images available online at www.liebertonline.com/tea It is also likely that addition of AA + P affects matrix metalloproteinase (MMP) activity. MMPs are a family of zincdependent proteases that degrade components of the ECM. 50, 51 Also, members of the A disintegrin and metalloproteinases with the thrombospondin motif (ADAMTS) family, known as the aggrecanases, act to degrade proteoglycans within the ECM, 52 and the enzymatic activity of both MMPs and ADAMTS is central to the control of matrix remodeling. Also, the tissue inhibitors of MMPs act to inhibit the degradative functions of MMPs in an effort to maintain homeostasis within the ECM. 27, 53 Although the expression of quantification of MMP was not performed in the current study, the effect of AA + P on control of MMP activity remains an important factor to understand with regard to formation and contraction of the ligament-like constructs. Analysis of MMP will form part of our future work on this system.
Conclusions
This study has used digital imaging techniques, OCT, and histology to monitor the early-stage formation and maturation of tissue-engineered ligament-like constructs. OCT has allowed a complete cross-sectional view of the constructs during formation and the gross contraction of the fibrin-based cultures. It has also been shown that although AA + P supplementation continues to significantly improve collagen production over a 5-week period, it also causes excessive contraction of the constructs, producing a thin, round cross-sectional morphology rather than broad, flat ligament-like tissues that could prove problematic for our intended application as ACL replacement. Further analysis of effect of supplementation on the contraction method is crucial for the future development of tissue-engineered ligaments with clinically relevant morphological characteristics for implantation.
